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ABSTRACT
Detecting a Probiotic Product Within the Gut of Broiler Chickens
Anneka Pisula
As of January 2017, the U.S. poultry industry banned the use of antibiotics and now relies
on alternatives such as probiotics to help protect animal health. Although probiotic use is
not a new concept in the poultry industry, identifying the best combination of bacterial
strains to generate an effective probiotic formula requires further investigation. This
study aimed to detect a probiotic product of four bacterial strains (Pedioccoccus
acidilactici, Pediococcus pentosaceus, Lactobacillus plantarum, and Bacillus subtilis) in
a feeding trial with broiler chickens. Birds given the probiotic were predicted to show an
improved growth performance with the probiotics colonizing the gut. Ninety-six broiler
chickens were equally divided into 3 treatment and 3 control pens. During the 25-day
experiment, birds were fed a starter diet (days 0-11) and a grower diet (days 12-25).
Experimental birds were administered the probiotic product via the drinking water at a
concentration of 3.1×104 CFU/ml. Control birds had an equivalent amount of dextrose
filler added to their water supply. Feces were collected hourly on day one and daily
thereafter. On days 1, 22, and 25 of the experiment, 2 birds from each pen were
euthanized for gut sampling. Lumen and mucosa samples were collected from the
duodenum, jejunum, ileum, and ceca. Species-specific and strain specific PCR primers
were employed for probiotic detection. Wild strains of P. acidilactici, P. pentosaceus,
and L. plantarum were detected in the feeds, inhibiting detection of the probiotic strains
when using species-specific PCR primers. Strain-specific primers were used to detect the
probiotic Pedioccoccus acidilactici and Lactobacillus plantarum strains. B. subtilis was
detected in feces within one hour of probiotic administration and was predominantly
detected in experimental birds only. Both P. acidilactici and L. plantarum probiotic
strains were initially detected in the feces of treated birds within two hours of probiotic
administration and again ten days later. Both L. plantarum and B. subtilis were seen only
in treated bird gut samples. L. plantarum was predominantly detected in the ceca near the
end of the small intestine. P. pentosaceus was observed more often in treated gut samples
and P. acidilactici was the least commonly detected probiotic strain. All administered
bacteria were rarely seen in mucosa samples. Feed-endogenous P. acidilactici and L.
plantarum strains became progressively more detectable in the mucosa along the
gastrointestinal tract suggesting gut colonization, however, probiotic strains did not
appear to colonize the mucosa of treated birds. Although probiotic strains were no longer
detected after product removal, all probiotic strains were detected in feces and gut
samples during probiotic administration, suggesting the bacteria can colonize the gut.
Probiotic supplementation did not result in significant differences in body weight gain,
feed intake, or feed conversion ratio. However, birds growing in a more stressful
environment than the carefully controlled experimental set up used here may show
probiotic-related effects. This study identified that the probiotic bacteria appeared to
survive the gastrointestinal tract, exhibited a transit time of 1-2 hours, could possibly
colonize chickens, and localized near the end of the chicken gut.
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1. INTRODUCTION
1.1 Gut Microbes
The gastrointestinal tract of birds and mammals serves as a home to several different
types of microorganisms such as archaea, fungi, yeasts, and bacteria. In terms of
numbers, bacterial cells consisting mainly of members of the Firmicutes and
Bacteroidetes groups far outnumber the cells in a host organism (Qin et al., 2010). Each
bacterial species has its own niche in the gastrointestinal tract and the bacteria residing
inside the small intestine differ from those of the large intestine (Fooks et al., 2002). All
these microorganisms live together in a diverse community forming the normal gut flora.
The gut is a wonderful environment for hundreds of bacterial species to live and thrive
with a constant warm temperature and available nutrients necessary for microbial
survival. In return, the intestinal microbiota play a critical role in many aspects of host
health, including digestion and immune responses (Turnbaugh et al., 2007).
The gut microbiome is constantly changing in response to diet, host health, and
other factors. When the bacterial community changes and/or pathogens increase within
the host, the number of beneficial bacterial cells can decrease, and disease states can arise
such as autoimmune, cardiovascular, and inflammation disorders as well as colonic
cancers (Carding et al., 2015). This increase in the number of pathogenic microorganisms
or imbalance in microbial populations is referred to as dysbiosis. Gut dysbiosis causes
disruption of normal intestinal barrier function which leads to reduced nutrition and
increased vulnerability to infection (Ray et al., 2016; Tang et al., 2017). Ingestion of
probiotics contributes to intestinal microbial balance and probiotics can be taken
proactively to maintain host organism gut health (Williams, 2010). Probiotics are live
microbial feed supplements that benefit the host by improving the normal microflora of
1

the gut (Fuller, 1989), used to provide copious amounts of beneficial bacteria to combat
infection or dysbiosis. Dead probiotic cells are also considered gut modulators that
interact with the gastrointestinal mucosa and appear to offer similar beneficial effects
compared to live cells (Adams, 2010; Pedroso et al., 2010). Probiotics produce organic
acids, compete for nutrients, and induce immune factors to prevent pathogen growth
(Fooks et al., 2002).
Lactobacillus and Bifidobacterium species are most commonly used in
commercial probiotic formulas; however, the overall effectiveness of a probiotic
supplement varies at the strain level (Gu et al., 2015; Soccol et al., 2010) L. plantarum, L.
casei, L. rhamnosus are a few species of Lactobacillus commonly used as probiotic
products while B. lactic, B. breve, B. longum, and B. bifidum are important probiotic
species of Bifidobacterium (Fijan, 2014). In addition, Bacillus species such as B. subtilis,
B. coagulans, and B. cereus have also shown probiotic properties and are being used in
commercial probiotic formulas (Casula et al., 2002). Even though the species mentioned
above are considered probiotics, it is important to recognize that probiotic formulas differ
depending on the combination and composition of bacterial strains arranged together.
Each strain, even from the same species, colonize the gastrointestinal tract differently and
in response may serve a specific functional role contributing to an overall health benefit
that is unique compared to another strain (Williams, 2010; Adams, 2010). Therefore, to
create the best supplement, probiotic formulas are designed based on the probiotic
properties of individual strains (Santosa at el., 2006). Some commercial probiotic strains
that have been studied include: L. plantarum 299v Lp01, L. rhamnosus GG, B. bifidum
Bb-1, and B. longum BB536 (Soccol et al., 2010).
2

1.2 Chicken Gut Colonization
The gastrointestinal tract in broiler chickens is sterile at hatching and bacteria from both
the environment and diet immediately colonize the gut (Alloui et al., 2013). However, the
development and stabilization of microflora in the small intestine occurs several weeks
after hatching (Smirnov et al., 2006). Once the gut is initially colonized by a particular
bacterial species it is difficult for other microbes to become established within the
community as there is limited habitable space (Cisek et al., 2014). Therefore,
supplementation of probiotics during early life is of great importance to the host because
many environmental bacteria capable of gut adhesion and withstanding the harsh
environmental stresses of the intestines will likely colonize niches in the gastrointestinal
tract (Gaggìa et al., 2010; Chichlowski et al., 2007).
Many bacterial species colonize different portions of the chicken intestine (Figure
1) and allow proper digestion and optimal nutrient absorption. The major site of bacterial
colonization and microbial fermentation is the ceca whereas the duodenum and the rest of
the small intestine harbor relatively low numbers of bacteria (Barnes, 1972). Detecting
bacteria in the mucosal layer of the gut after administration of probiotics is one way to
determine possible bacterial gut colonization (Donaldson et al., 2016). The colonized
bacteria both living and deceased from the small intestine slough off and pass through the
gastrointestinal tract expelling out as feces. When gut colonization does not occur, the
microorganisms travel through the lumen of the gastrointestinal tract until they are
excreted in the feces. However, bacteria degraded during gut passage would not be
present in the feces. The amount of time it takes the administered probiotic bacteria to
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successfully survive the harsh environment transiting through the entire gastrointestinal
tract and exit in the feces is called transit time.

Figure 1: Chicken gut anatomy. The different components of the chicken gut are
labeled along with corresponding pHs (Avon Animal Health, 2015).
1.3 Poultry Industry Ban of Antibiotics and Replacement by Probiotics
Antibiotics are frequently used in the poultry industry to enhance animal growth and
combat infectious diseases caused by pathogens such as Salmonella and Campylobacter
(Hughes et al., 2008). However, the agricultural use of antibiotics since the 1940’s has
contributed to the rising prevalence of antibiotic resistant bacteria (Economou et al.,
2015). In 2006, the European Union banned the use of antibiotics in poultry and the
industry now administers probiotics (Alloui et al., 2013). The use of probiotics has been
recognized as beneficial for over 100 years and specifically used in poultry for 50 years
(Vila et al., 2010). Probiotics in commercial poultry applications have shown to improve
broiler chicken growth performance such as increases in weight gain and feed efficiency
(Gadde et al., 2017; Aliakbarpour et al., 2012; Mountzouris et al., 2010). With an
increasing demand for chicken meat as a top protein source for human consumption in
the U.S., development of safe alternatives to antibiotics is necessary (Tuohy et al., 2005;
4

Ricke et al., 2010). As of January 2017, the U.S. poultry industry banned the use of
antibiotics prophylactically and now relies on probiotics (The National Chicken Council,
2015; Geier et al., 2009; Lillehoj et al., 2012). The therapeutic effectiveness of probiotics
used in the poultry industry depends on numerous factors such as the microbial species
and strain composition, administration regimen and dosage including the method and
frequency, diet, bird age, and environmental factors (Mikulski et al., 2012). The most
common probiotics typically used in poultry are Lactobacillus spp., Streptococcus
faecium, Bacillus spp., and yeasts (Vila et al., 2010). Although probiotic use is not a new
concept in the poultry industry, identifying the best combination of bacterial strains to
generate an effective probiotic formula requires further investigation.

1.4 Pediococcus a Potential Probiotic
Pediococcus species, members of the Lactobacillaceae family, have not been
traditionally recognized as common probiotics like Lactobacillus or Bacillus. spp.
However, they demonstrate many probiotic characteristics. Pediococcus species can
survive in acidic and bile salt conditions, form biofilms, adhere to human epithelial
colorectal adenocarcinoma cells, and have antimicrobial activities against common
intestinal pathogenic bacteria (Noohi et al., 2016; Erkkilä et al., 2000). Pediococcus
species exhibit antagonistic effects against pathogenic microorganisms through the
production of lactic acid, antimicrobial peptides, and proteinaceous toxins (Papagianni et
al., 2009). Even though Pediococcus grows optimally in an acidic environment, this
species can also be grown in a wide range of temperature, pH, and osmotic pressures,
which makes it an ideal candidate for digestive tract colonization. All the above
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information combined suggests that Pediococcus species might have the ability to
enhance gut health for both humans and animals.

1.5 Testing a New Probiotic Formula
The probiotic formula used in this study consists of strains from four bacterial species:
Pediococcus acidilactici, Pediococcus pentosaceus, Lactobacillus plantarum, and
Bacillus subtilis. The probiotic formula total concentration was 3.1×108 CFU/g (in a
dextrose carrier), which includes the three lactic strains (P. acidilactici, P. pentosaceus,
and L. plantarum) at 108 CFU/g each and B. subtilis at 107 CFU/g. The lactic acid
producing bacterial strains were selected from a subset of the Lactobacillaceae family, as
shown in Figure 2. The combination of bacteria was created with an intention of both
human and animal health applications. The genomes for all four bacterial strains are
sequenced and annotated.

Figure 2: Phylogenetic tree. Lactobacillaceae portion of the phylogenetic tree shows the
branches of the bacterial species composing the probiotic formula used in this study: P.
pentosaceus, L. plantarum, and P. acidilactici (P. acidilactici not displayed on figure,
however, branch would be near P. pentosaceus) are closely related compared to B. subtilis
which is labeled as an outgroup (Makarova at el., 2006).
6

This newly developed probiotic formula has potential use in commercial applications to
improve broiler chicken health, increase productivity in the poultry industry, and aid
public concerns regarding antibiotic pathogenic resistance. The probiotic formula was
hypothesized to withstand the acidic environment of the broiler chicken gut, colonize the
ceca, exhibit a detectable transit time to the feces, and display an overall contribution to
improved growth performance of broiler chickens.
This study investigated probiotic transit time, gut colonization, and localization
within broiler chickens. The lumen contents and mucosal layer of the duodenum,
jejunum, ileum, and ceca were analyzed to identify localization and possible bacterial
colonization within the small intestine and ceca. If no colonization occurred,
administered probiotic bacteria were predicted to at least be detectable in the lumen
compartments of the gut as well as the feces. After probiotic administration, bacteria
were predicted to travel through the gastrointestinal tract as intact cells to the feces,
indicating survival of the digestive process and potential capability for gut colonization.
The probiotic bacteria were expected to have a transit time of a couple hours based on
chicken diet passage rates (Sturkie, 1976). Last, broiler chickens fed probiotics were
predicted to exhibit increased weight gain.

7

2. METHODS
2.1 Ethics Statement
The probiotic feeding trial regarding animal research was approved by and followed
California Polytechnic State University IACUC 1613. Animal care and management
practices were performed for animal wellbeing.

2.2 Animals, Housing, and Feeding
Ninety-six male and female broiler chicks (Ross 708) were delivered from the Foster
Farms hatchery (Livingston, CA) to the California Polytechnic State University Poultry
Unit. Upon delivery, the chicks were spray vaccinated and individually weighed. Female
and male birds were housed together for the duration of the study. Sixteen chicks were
evenly distributed (based on total pen weight) into 6 metal Peterzim brooder unit pens
held 80 cm above the ground. Each pen had a metal roof, wire flooring, and both water
and feed troughs. The birds received natural daylight and an additional 12 hours of
lighting. The housing was arranged to take the different measurements during the study.
Forty-eight birds were randomly assigned to either treatment pens (1-3) or control pens
(4-6) (Figure 3).
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= gut sampling

Figure 3: Experimental timeline and set up. Experimental timeline from start to stop
includes probiotic administration, diet switch, water changes, and gut sampling. The stars
represent gut sampling days. Photographs of experimental set up consist of bird arrival,
birds individually weighed, and birds separated into weight boxes. The Petersime brooder
units labeled TRT correspond to treatment pens (1-3) and CON control pens (4-6).
The chicks received one day (day 0) to settle into the housing and their heads
were dipped in the drinking water to learn water trough location. The chicks were fed a
commercial starter diet during days 0-11 (diet #1) containing corn, soybean meal,
vitamins and minerals. The birds were then switched to a grower diet for days 11-25 (diet
#2) with an increase in corn, decrease in soybean meal, and addition of dried corn
distillers’ grains, vitamins and minerals (Table 1). Administration of the probiotics (in a
dextrose carrier) was initiated on day 1 for a trial of 22 days in the drinking water at a
concentration of 3.1×104 CFU/ml (requested by the probiotic company) to the treated
pens. The control birds received water plus dextrose at the same concentration (0.11 g/L).
The water for both groups was changed daily for the first 9 days, and then twice a day,
morning and evening, for the remainder of the experiment.
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Table 1: Ingredients used in the study diets.
Ingredients (%)

Starter Diet
(Diet 1)

Grower Diet
(Diet 2)

Corn

47.8

53.2

Soybean meal

44.9

34.2

Corn DDGS

0

5

Vegetable fat

2.89

3.27

Amino Acids, Vitamins
and Minerals

4.43

4.28

Group size in each pen (initially 16) diminished during the experiment as the
birds were removed and euthanized for gut contents. The initial group weights for all 6
pens were approximately the same and the birds in each pen were weighed as a group
every week throughout the probiotic trial. On days 1, 22, and 25, individuals to be
euthanized were weighed prior to gut sampling. Body weight and feed intake were
measured weekly, and body weight gain and feed conversion ratio (feed intake/ body
weight gain) were calculated.

2.3 Fecal Collection
On day 1, immediately following probiotic administration, the feces under each pen were
collected every hour for 6 hours. Each pen’s collection tray was removed, the feces were
scrapped off and homogenized by hand mixing, and a 2 ml Eppendorf tube was filled and
stored at -80ºC for further analysis. Daily fecal collection occurred in the mornings on
days 2-21 and from days 22-25 feces were collected twice daily, morning and evening.
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2.4 Collection of Gut Samples
On days 1, 22, and 25, two birds from each pen (six birds from each group) were
individually weighed and euthanized by a licensed researcher. The chicken abdomen was
opened, and the duodenum, jejunum, ileum, and ceca were collected and stored at -20ºC
for further analysis. Day 1 gut compartments were small enough to fit into 2 ml
Eppendorf tubes while the rest of the gut samples were stored in zip-lock bags. Each gut
compartment (duodenum, jejunum, ileum, and ceca) was stored separately (Figure 4).

Figure 4: Chicken gut compartments stored separately. All chicken intestines were
removed (left picture), each compartment: duodenum, jejunum, ileum, and ceca was
separated (top right picture), and stored separately (bottom right picture).
2.5 Isolation of Fecal Bacterial DNA
One gram of feces was placed into a 15 ml falcon tube and brought up to 10 ml with
0.1% peptone, then vortexed well. Then 1 ml was placed into a 1.5 ml Eppendorf tube
and centrifuged at 12,000 x g for 15 minutes. The supernatant was removed without
disrupting the cell pellet and 750 μl of Power Bead Solution of the DNeasy PowerLyzer
power soil kit was added to resuspend the cell pellet. The entire solution was transferred
to the PowerLyzer bead tube for DNA extraction following PowerLyzer PowerSoil DNA
11

Isolation Kit (QIAGEN, Hilden, Germany) protocol with one modification: cell lysis was
performed with 3 homogenizations at 6.5 ms for 45 s using a Fast Prep FP120 beadbeater
(MP Biomedicals, Santa Ana, CA). DNA was quantified using a Molecular Devices
Specta Drop micro volume microplate (24 well MVMP) where 2 μl of DNA was added
per well with a 2 μl top cover slide (0.5MM) placed on top (Molecular Devices LLC.,
Sunnyvale, CA).

2.6 Isolation of Gut Bacterial DNA
The day 1 gut samples stored in 2 ml Eppendorf tubes were thawed on ice and then the
gut compartment was longitudinally cut open to expose the inside. The entire gut section
was placed directly into the bead tube and followed the protocol of the PowerLyzer
PowerSoil DNA Isolation Kit with the homogenization modification mentioned above.
The day 22 and day 25 gut samples stored in zip-lock bags were removed from
the freezer and thawed manually. After an incision was made at one end of the gut
sample, 1 gram of lumen material was squeezed into a 15 ml Falcon tube and brought up
to 10 ml with 0.1% peptone, then vortexed well. One ml was placed into a 1.5 ml
Eppendorf tube and centrifuged at 12,000 x g (13.4 x 1000 rpm) for 15 minutes. The
supernatant was removed without disrupting the cell pellet and 750 μl of Power Bead
Solution of the DNeasy PowerLyzer power soil kit was added to resuspend the cell pellet.
The entire solution was transferred to the PowerLyzer bead tube for DNA extraction
following PowerLyzer PowerSoil DNA Isolation Kit protocol with the homogenization
modification mentioned above.
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After the collection of the lumen sample, any remaining lumen contents were
squeezed out, and the collection of the mucosa sample was performed. The lining of the
gut was rinsed with 5 ml of 0.1% peptone using a 5 ml syringe inserted at one end of the
gut. After the rinse, the gut was gently squeezed to dispense all the injected peptone. The
gut section was then opened longitudinally with scissors and spread open further using a
blunt round metal spatula. The lining of the gut was scraped using a metal spatula and 0.1
g of mucosa was placed directly into the bead tube for DNA extraction following the
PowerLyzer PowerSoil DNA Isolation Kit with the homogenization modification
mentioned above. Occasionally the ceca contents did not weigh the required 0.1 g of
mucosa in which case the other cecum was dissected to acquire the appropriate amount.

2.7 Probiotic Survival in Poultry Unit Water
To test the stability of the probiotic bacteria over time, two 100 ml samples of water were
collected from the broiler chicken housing unit at the Cal Poly Poultry Unit. Then
0.011 grams of probiotic formula (3.1×104 CFU/ml) was added to one of the 100 ml
water sample and the other was used as a control. Both the probiotic and control water
samples were incubated at 26.6°C for 24 hours representing the 80°F poultry housing
environment. Serial dilutions and plating occurred at three incubation time points: 0, 6,
and 24 hrs. One 15 ml Falcon tube labeled 10-1 was filled with 9 ml of 0.1% peptone. At
0, 6, and 24 hrs, 1 ml of the probiotic water sample was added to the 10-1 labeled tube,
and vortexed well. For plating, 100 μl from the original probiotic water sample tube and
100 μl from the one dilution (10-1) were plated in duplicate on De Man, Rogosa and
Sharpe agar (MRS) (EMD Millipore, Burlington, MA) (a low pH agar that selects for
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lactic acid bacteria) and Plate Count Agar (PCA) (Fisher Scientific, Pittsburg, PA) plates.
The PCA plating was performed as pour plates. One hundred μl from both probiotic and
control water samples were placed into empty plates and 15 ml of PCA was added, then
swirled gently to mix and let solidify. The lactic probiotic bacteria: P. acidilactici, P.
pentosaceus, and L. plantarum were plated on MRS while B. subtilis on PCA (pour
plates). All plates were incubated at 35ºC.

2.8 PCR Primers and Parameters
Strain specific primers were designed across mobile element insertion junctions found in
the genomes of P. acidilactici and L. plantarum probiotic strains, while species-specific
primers were designed to species-specific genomic regions of all probiotic strains (P.
acidilactici, L. plantarum, P. pentosaceus and B. subtilis) (J. VanderKelen, personal
communication, October 2017). All strain or species-specific primers targeted single
copy genes. PCR reactions were performed in an Applied Biosystems 2720 Thermo
Cycler. Each PCR reaction (20 μl) included the following: 10 μl 2x OneTaq QuickLoad
Mastermix, each primer 10 μM, 4 μl DNA sample, and 4 μl water. PCR parameters for
species-specific primers were 95ºC for 5 min, 40 cycles of 30 s at 95ºC, 30 s at 55ºC, and
30 s at 68ºC, then a final 5 min at 68ºC and hold at 4ºC. P. acidilactici and L. plantarum
strain-specific primers used the same PCR parameters as the species-specific primers
except the annealing temperature was at 56ºC instead of 55ºC. The qPCR reactions for P.
pentosaceus, L. plantarum, and B. subtilis (20 μl) included the following: 10 μL TaqMan
Universal Master Mix II, each primer 900 nM, probe 250 nM, and 4 μL DNA sample.
The differences for P. acidilactici mastermix included: forward primer 300 nM and
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reverse primer 900 nM with a probe concentration of 50 nM. The qPCR parameters for P.
pentosaceus and L. plantarum included an activation for 10 min at 95ºC, then 40 cycles
of 15 s at 95ºC, 30 s at 52ºC, and 60 s at 57ºC. While P. acidilactici and B. subtilis
included an activation for 10 min at 95ºC, then 40 cycles of 15 s at 95ºC, 30 s at 55ºC,
and 60 s at 60ºC.
To enumerate probiotic treatment bacteria in feed and fecal samples, standard
curves for each bacterial strain were generated based on CFU/g (J. VanderKelen, personal
communication, April 2017). Serial dilutions were performed in 0.1% peptone and DNA
extractions followed the protocols as previously described. Standard curve DNA was
amplified by qPCR in duplicate and standard curves were generated by plotting the cycle
threshold values (CT) by the log of cells (Figure 5). The replicates became more variable
at 103 CFU/g thus defining a detection limit (103 CFU/g) (Figure 5). The extraction
protocol required 0.1 gram of starting material, and a standard volume of 4 μl of DNA for
both qPCR and PCR reactions. With starting material at the detection limit (103 CFU/g)
and an extraction efficiency of 10-20% cell lysis and DNA capture, template
presence/absence in 4 μl could be random below 103 CFU/g. Therefore, replicates of
negative PCR results were conducted throughout the study. E. coli was also used as a
positive control to indicate the presence of bacterial DNA in the intestinal tract (Awad et
al., 2016). The trpBA.f and trpBA.r primers were used to amplify trpA, a 489 bp product
from E. coli (Clermont at el., 2008).

15

y = -0.3165x + 14.285
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Figure 5: The detection limit (103 CFU/g). Standard curve of species-specific P.
acidilactici illustrates the detection limit (103 CFU/g). The blue boxes are replicates, red
circle indicates variability of 103 CFU/g replicates, and the black line is the slope.
Table 2: Species-specific primers used for P. pentosaceus and B. subtilis
P. pentosaceus

B. subtilis

F

TCACTCTTTACGCCCTTC

CCAACATATAAGACCTCTAC

R

GCGGGAGCATTACTATTT

TTATTTCATCCCATCCTGAC

Size

199

256

Probe

ACCGCCACGCTAGTTTCA

CCCAACCAGCGATCCATAC

Primers
Species
PCR
Species
qPCR

Table 3: Species and strain specific primers used for P. acidilactici and L. plantarum.
Species-specific primers for L. plantarum are not strain-specific, but amplify a fragment
of 233 bp instead of 155 bp with other strains of L. plantarum.
P. acidilactici

L. plantarum

F

CGGTTGAGAAGTGAAGTTA

CCCGTAAACGCAAAGATAA

R

GGTTGAAGCTTATGATGG

TTCAATATGCTCTCCGTC

Size

138

155 (233)

Probe

TTTAGGGAAGTCGGTGCGG

CGATGATTAAATCGGTGACAAATTTGGTC

F

TCTCGCCGATTGAATATC

AGCCGCTATGGGTATAAC

R

TAGGTCCCGCAATTTAAG

AAATCACCGACCACGTAA

Size

146

124

Primers
Species
PCR
Species
qPCR

Strain
PCR
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2.9 Microbiome 16S rRNA Sequencing
Genomic DNA was isolated from 102 samples: day 22 guts’ lumen contents and mucosa
layer of the duodenum, jejunum, ileum, and ceca and day 22 feces from pens 1-6. 16S
rRNA gene sequencing was performed (LC Sciences, Houston, TX) by amplifying across
the V4 region, using the standard primers 515F and 806R, followed by paired-end
sequencing on an Illumina MiSeq (Houston, TX) (Walters et al., 2015).
LC Sciences performed raw data reads processing and OTU clustering. Pairedend reads were merged and clustered based on a sequence identity >97%, representing an
OTU (Operational Taxonomic Unit). The taxonomy annotation for each OTU was
derived from the Ribosomal Database Project and NT-16S microbial database based on
the NCBI GenBank Nucleotide database.

2.10 Statistical Analysis
All gut samples were analyzed using JMP Pro 12.0 (SAS Institute Inc., Cary, NC) and
due to the small sample size, only the Fischer’s Exact Test was used. Values were
considered statistically different across treatment at P ≤ 0.05.
The 16S rRNA sequencing data report was imported into PRIMER 6; the square
root of relative abundances (percent of total sequence reads/sample) was taken to
transform the data and reduce variability. Bray Curtis similarity and ANOSIM were used
to analyze differences between probiotic treatment and control sample groups. Sample
clustering was visualized using grouped hierarchical clustering.
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3. RESULTS
3.1 Weight Measurements
On days 1, 22, and 25, individual weight measurements of both control and treated birds
were taken prior to gut sampling. Group pen weight and feed weight were measured
weekly, and body weight gain and feed conversion ratio (feed intake/ body weight gain)
were calculated. The average and standard deviation was determined for body weight
gain, feed intake, and feed conversion ratio (Table 4). There were no significant
differences in body weight gain, feed intake, and feed conversion ratio between the
treated and control birds (ANOVA P > 0.9).
Table 4: Effects of probiotic supplementation on broiler chicken growth
performance. The average and standard deviation of body weight gain, feed intake, and
feed conversion ratio (FCR) for days 1-11, 11-22, and 22-25. The birds were fed a starter
diet to begin with and then switched to a grower diet on day 11. Days 22-25 represent
termination of probiotic administration.
TREATMENT

CONTROL

Days

1-11

11-22

22-25

1-11

11-22

22-25

Weight Gain
(g/bird/d)

33 ±0.7

58 ±3.9

64 ±2.8

34 ±0.6

58 ±2.6

63 ±4.9

Feed Intake
(g/bird/d)

39 ±0.7

89 ±5.8

114 ±7.6

40 ±0.9

89 ±17

110 ±13

FCR
(g/g)

1.2 ±0.03

1.5 ±0.01

1.8 ±0.07

1.2 ±0.03 1.5 ±0.3

1.8 ±0.3

3.2 Probiotic Survival in Poultry Unit Water
During a 24-hour test incubation, the concentration of B. subtilis in the poultry unit water
remained relatively stable in cell counts over time from the initial time point 1.57×104
CFU/ml to 1.44×104 CFU/ml after 6 hours, and then to 1.49×104 CFU/ml after 24 hours.
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Unfortunately, the lactic acid bacteria in this test were not detectable on MRS plates and
even time 0 had less than 250 CFU/ml.

3.3 Background Probiotic Bacteria in Feeds
Probiotic bacteria were detected in both chicken feeds (feed-endogenous) using speciesspecific primers (Table 5). P. acidilactici was detected by PCR in both diets while qPCR
indicated a slight decrease in concentration from diet 1 to diet 2. L. plantarum
concentrations also decreased from diet 1 to diet 2. However, L. plantarum was not
detected by PCR in either diet. Similarly, P. pentosaceus was not detected in either diet
using PCR, while qPCR detected a very low concentration in diet 1 and nothing in diet 2.
B. subtilis was not detected in either of the two diets regardless of detection method
(Table 5).
Table 5: Detection and concentrations of probiotic bacteria in the feed using speciesspecific primers. Presence of probiotic bacteria in the feed as determined by PCR
indicated by a + or - sign. Concentrations, near the standard curve detection limit (103
CFU/g) are underlined and those below the detection limit are bolded and underlined. ND
indicates no detection.
Feed
Sample
Diet #1
(Starter)

Diet #2
(Grower)

Method

P. acidilactici

P. pentosaceus

L. plantarum

B. subtilis

PCR

+

-

-

-

qPCR

8.5×103

9.9×102

2.1×103

ND

PCR

+

-

-

-

qPCR

5.9×103

ND

6.8×102

ND
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3.4 Probiotic Bacteria in Fecal Samples
In an initial study using species-specific primers, probiotic bacterial cells were quantified
by qPCR in feces from days 3, 7, and 12 (Table 6). The average DNA concentration for
these fecal samples, was 29 ±14 ng/μl. P. acidilactici, P. pentosaceus, and L. plantarum
species were present in all samples and decreased in concentration from day 3 to day 7.
B. subtilis was rarely detected and many cell concentrations were below the qPCR
detection limit, as defined by standard curves (Figure 6). Since the qPCR results were
often at or below detection limits (Table 4 & 5) presence/absence PCR was used to detect
probiotic bacteria in the rest of the study.

Table 6: Concentration of probiotic bacteria in fecal samples using species-specific
primers. TRT: treatment pens 1-3; CON: control pens 4-6. The three qPCR values
correspond to the treatment or control pens, with the top value representing the first pen
number (pen 1 or pen 4), the second (pen 2 or pen 5), and the third (pen 3 or pen 6).
Concentrations, at the standard curve detection limit (103 CFU/g) are underlined and
those below the detection limit are bolded and underlined. ND indicates no detection.
Fecal
Sample

P. acidilactici

P. pentosaceus

TRT

TRT

CON

CON

L. plantarum
TRT

CON

1.2×109 1.4×108 2.9×105 7.0×106 2.0×108 1.3×107
Day 3

Day 7

Day 12

B. subtilis
TRT

CON

ND

ND

8.3×108 1.3×109 6.4×104 4.4×105 4.6×107 1.5×108 2.6×103

ND

8.1×108 7.1×108 9.1×103 8.3×104 4.9×107 8.5×107 4.8×102

ND

1.6×105 7.4×103 4.5×103 9.8×103 1.1×105 1.2×104

ND

ND

1.4×105 3.6×105 3.9×103

ND

1.0×105 1.4×105

ND

ND

9.3×104 4.4×104

ND

2.5×104 2.3×104

ND

ND

ND

2.0×105 8.9×104 3.7×103 1.7×103 7.9×104 2.0×104 6.7×102

ND

4.0×104 1.1×105 3.2×103 3.7×102 4.8×104 4.8×106

ND

ND

1.2×106 5.4×104 8.4×102 2.6×103 6.5×105 2.1×104

ND

ND
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In a more detailed effort, standard PCR with both strain and species-specific primers was
used to detect probiotic presence/absence in a broad range of fecal samples collected
from each pen throughout the trial (Figure 6). Species-specific primers consistently
detected P. acidilactici and L. plantarum in mostly all control and treated pens within one
hour of probiotic administration, throughout the experiment, and after probiotic
administration was halted (data not shown). Because of this consistent interference from
feed-endogenous bacteria, no information could be discerned about the administered
probiotic strains. P. pentosaceus species-specific primers also detected these bacteria in
most treated and control pens throughout the trial. Although P. pentosaceus was often
detected in control pens it was more often seen in feces from probiotic-fed pens (Figure
6C). B. subtilis however, was detected in feces within one hour of probiotic
administration, and was, with two exceptions, only detected in treated birds. B. subtilis
was not detected after probiotic administration ended (Figure 6D).
To overcome interference from feed-endogenous bacteria, strain specific primers
for P. acidilactici and L. plantarum were used to detect the administered probiotic strains.
These primers detected both P. acidilactici and L. plantarum only in treated pens within
two hours of probiotic administration and again ten days later. P. acidilactici was
detected in a few probiotic-fed pens across the remainder of the probiotic trial, while L.
plantarum was detected in at least one probiotic-fed pen on all remaining days except day
16. Both bacteria were no longer detected once probiotic administration was halted
(Figure 6A & 6B). Design of strain specific primers for P. pentosaceus was unsuccessful
(J. VanderKelen, personal communication, January 2018).
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Figure 6: PCR detection of probiotic bacteria in the feces using strain and speciesspecific primers. (A) detection of P. acidilactici using strain specific primers (B) detection
of L. plantarum using strain specific primers (C) detection of P. pentosaceus using speciesspecific primers (D) detection of B. subtilis using species-specific primers. Probiotic bacterial
strain presence (red) or absence (blue). Fecal samples were collected hourly for a total of six
hours on the first day and daily thereafter (separated by black line). The top panel of each
graph represents the control pens (4-6), the bottom panel the treatment pens (1-3). For each
time point, one of three boxes correlate to a specific pen number corresponding to treatment
(1-3) or control (4-6) pens. Time point Day 25 probiotic was removed.

3.5 Detection of Probiotic Species Bacteria in Day 1 Gut Samples
E. coli was used as a positive control to ensure that bacterial DNA was detectable in all
day 1 gut samples. E. coli was detected in day 1 gut samples from all control and
treatment birds (data not shown). B. subtilis and P. pentosaceus were not detected by
species-specific PCR primers in almost all day 1 gut samples (Table 7). However,
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species-specific primers detected L. plantarum and P. acidilactici in all four gut
compartments (in both treated and control birds) with P. acidilactici detected more
frequently than L. plantarum. Strain specific PCR primers for L. plantarum and P.
acidilactici did not detect the administered strains in any samples (data not shown).
Table 7: Detection of probiotic bacteria in day 1 gut samples according to bird and
pen using species-specific primers. Treatment boxes: increments of 2 boxes correspond
to pens 1, 2, and 3. Control boxes: increments of 2 boxes correspond to pens 4, 5, and 6.
The first box of each corresponding pen is bird 1 and the second box to each pen is bird
2. “■”: target detected “□”: target not detected. TRT: treatment birds; CON: control birds.
Sample

P. acidilactici

P. pentosaceus

L. plantarum

TRT

TRT

TRT

CON

CON

CON

B. subtilis
TRT

CON

Duodenum □□■■□□ □□■□■■ □□□□□□ □□□□■□ □□■□□□ □□■□□□ □□□□□□ □□□□□□
Jejunum □□■■□□ □□■□■□ □□□□□□ □□□□□□ □□■□□□ □□■□□□ □□□□□□ □□□□□□
Ileum

□□■□□□ □■□■□□ □□□□□□ □□□□□□ □□■□□□ □□■□□□ □□□□□□ □□□□□□

Ceca

□□■□□■ □□■■□□ □□□□□□ □□□□□□ □□■□□□ □□■■□□ □□□□□□ □□□□□□

Table 8: Detection of E. coli in gut samples. E. coli was used as a positive control to
ensure that bacterial DNA was detectable in day 22 and 25 gut samples. The number of
birds (max 6) with a positive PCR result for E. coli in each gut compartment is shown. C:
control birds; T: treatment birds. L: lumen samples; M: mucosa samples.
Duodenum
Sample
Day 22
Day 25

Jejunum

Ileum

Ceca

L

M

L

M

L

M

L

M

C

2

6

4

6

6

6

6

6

T

5

6

5

6

6

6

6

6

C

5

6

6

6

6

6

6

6

T

5

6

6

6

6

6

6

6

3.6 Probiotic Bacteria in Day 22 Guts Samples
The average and standard deviation lumen and mucosa DNA concentrations (ng/μl) were
calculated for all day 22 gut compartments to ensure that bacterial DNA was present and
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amplifiable (Table 9). E. coli was used as a positive control to ensure bacterial DNA was
detectable in day 22 gut samples, however, E. coli was not detected in all gut
compartments (Table 8). Species-specific PCR primers detected P. pentosaceus in the
jejunal, ileal, and cecal lumen of most treated birds (Table 10). Positive results were seen
more often in treated birds compared to the control birds in the ileal lumen and the cecal
lumen (p = 0.015, Fisher’s Exact Test). Species-specific PCR primers also detected P.
acidilactici and L. plantarum in most of jejunal, ileal, and cecal lumen samples. These
bacteria were also common in the cecal mucosa, indicating probable gut colonization.
Strain specific primers detected these two administered strains predominantly in the
lumen and rarely in the mucosa samples. P. acidilactici was the least common strain,
only rarely detected in the ileal and cecal lumen. L. plantarum was predominantly
detected near the end of the gut in the ileal and cecal lumen. Of the four administered
probiotic strains, both L. plantarum and B. subtilis were seen only in the treated birds. B.
subtilis detection was more common in the jejunal and ileal lumen of treated birds.
The only bird to show the presence of all four administered probiotic strains was
bird 2 from pen 2 (Table 10). In this bird, P. acidilactici was detected in both the ileal
and cecal lumen. P. pentosaceus and L. plantarum were detected in the jejunal, ileal, and
cecal lumen. L. plantarum was also found in the cecal mucosa. B. subtilis was detected in
this bird in the jejunal and ileal lumen, as well as the ileal mucosa. This bird was also the
only broiler chicken in the experiment with two administered probiotic strains detected in
mucosal samples. Many administered probiotic strains were also detected in bird 1 from
pen 2. P. acidilactici was detected only in the cecal lumen in bird 1. P. pentosaceus was
detected in the jejunal, ileal, and cecal lumen. L. plantarum was detected in the lumen of
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both the ileum and ceca. Unlike bird 2, bird 1 had no detectable B. subtilis and there were
no probiotic bacteria detected in the mucosal layer of any gut compartment. The two
birds from pen 1 had no detectable P. acidilactici, rarely detected L. plantarum and B.
subtilis, and more often detected P. pentosaceus. While no P. acidilactici was detected in
bird 1 of pen 3, P. pentosaceus was detected in the duodenal mucosa, and the jejunal,
ileal, and cecal lumen. L. plantarum was detected in this bird only in the ceca lumen, and
B. subtilis was found in the jejunal and ileal lumen.

Table 9: Day 22 gut samples genomic DNA concentration (ng/μl). Averages ±standard
deviation.
Compartment

Duodenum

Jejunum

Ileum

Ceca

Lumen

6.4 ±6.2

2.6 ±2.1

2.8 ±2.6

139 ±65

Mucosa

75 ±36

13 ±20

103 ±65

42 ±23
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Table 10: Detecting probiotic bacteria in day 22 gut samples according to bird and pen using both strain and species-specific
primers. Treatment boxes: increments of 2 boxes correspond to pens 1, 2, and 3. Control boxes: increments of 2 boxes correspond to pens
4, 5, and 6. The first box of each corresponding pen is bird 1 and the second box is bird 2. “■”: target detected “□”: target not detected.
The dash marks indicate no data due to no strain specific primers (P. pentosaceus and B. subtilis). : Bird 2 Pen 2 as referred in text.

P. acidilactici
Sample

Treatment

□□□□□□
Duodenum Mucosa □□□□□□
Jejunum Lumen □□□□□□
Jejunum Mucosa □□□□□□
Ileum Lumen
□□□■□□
Ileum Mucosa
□□□□□□
Ceca Lumen
□□■■□□
Ceca Mucosa
□□□□□□
Duodenum Lumen

Control

□□■□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□

P. pentosaceus

L. plantarum

Treatment Control Treatment
Strain Specific Primers
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

□□□□□□
□□□□□□
□□□■□□
□□□□□□
□■■■□□
□□□□□□
□□■■■■
□□□■□□

B. subtilis

Control

Treatment

Control

□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

□■■□□□
□■■□□□
■■■■■■
□□□□□□
■■■■■■
□□■□□□
■□■■■■
■■■■■■

■□□□□□
□□□□□□
□□□■■■
□□□□□□
□□□■■■
□□□■□□
□□□□□■
□□□□□□

□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□
□□□□□□

Species-Specific Primers

□■■□□□
Duodenum Mucosa ■□□□□■
Jejunum Lumen ■■■■■■
Jejunum Mucosa ■□□□□□
Ileum Lumen
■■■■■■
Ileum Mucosa
■□■□□□
Ceca Lumen
■■■■■■
Ceca Mucosa
■□■■■■
Duodenum Lumen

■□□■□□
□□□□□□
■■■■■■
□□□□■□
■■■■■■
□■□■■□
■■■■■■
■■□■■□

■■□□□□
□□□□■□
□□■■■■
□■□□□□
■■■■■■
■□□□□□
■□■■■■
□□□□□□

□□□□□□
□□□□□□
■□■□□□
□□□■□□
■□■□□□
□□□□□□
□□□□□□
□□□□□□
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□□□■□□
□□□■□□
■□■■■■
□□■■□□
■■■■■■
□□■□□□
■■■■■■
■□■■■■

3.7 Detection of Probiotic Bacteria in Day 25 Guts
E. coli was used as a positive control to ensure bacterial DNA from day 25 gut samples
was present and amplifiable. Similar to day 22, E. coli was not detected in a couple day
25 duodenal lumen gut samples (Table 8). On day 25, three days after probiotic
administration was halted, both P. pentosaceus and B. subtilis were observed more often
in the control birds, while L. plantarum was occasionally detected in several birds (Table
11). All probiotic strains were also detected in a few mucosa samples as well. There were
no significant differences by treatment for all categories of day 25 gut samples.

Table 11: Detection of probiotic bacteria in day 25 gut samples according to bird
and pen using both strain and species-specific primers. Treatment boxes: increments
of 2 boxes correspond to pens 1, 2, and 3. Control boxes: increments of 2 boxes
correspond to pens 4, 5, and 6. The first box of each corresponding pen is bird 1 and the
second box is bird 2. “■”: target detected “□”: target not detected. Strain specific PCR
primers, marked by a star, detected administered P. acidilactici & L. plantarum strains,
and species-specific primers were used to detect P. pentosaceus & B. subtilis. TRT:
treatment birds; CON: control birds. L: lumen samples; M: mucosa samples.
Sample

*P. acidilactici

P. pentosaceus

*L. plantarum

TRT

TRT

TRT

CON

CON

CON

B. subtilis
TRT

CON

L □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□■ □■□□□□
Duodenum M □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□ ■□□□□□ □□□□□□ □□■□□□
L □□□□□□ □□□□□□ □■□□□□ ■□□■□□ □□□□□□ □□□□□□ □□□■□□ □□□■□□
Jejunum M □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□ □□□□□□
L □□□□□□ □□□□□□ □□□□□□ □■■■□■ □□□□□□ □□□□□□ □□□□□□ □□□□□■
Ileum

M □□□□□□ □□□□□□ □□□□□■ □□□■□□ □□□□□■ □□□□□□ □□□□■□ ■□□□□□
L □□□□□□ □□□□□□ □□□□■■ □■□□□■ ■□■□□□ □□□□□□ □□□□□□ □□□□□□

Ceca

M □□□■□□ □□□□□□ □□□□□□ □■□□□□ □□■□□□ □■□□□□ □□□□□□ □□□□□□
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3.8 Microbiome Data
Out of 102 genomic DNA samples from day 22 (guts lumen and mucosa samples from 12
birds plus feces from pens 1-6) sent to LC Sciences for 16S rRNA gene (microbiome)
sequencing, only 59 produced high quality data good enough for further analysis (Table
12). Comparison of microbiomes at the family taxonomy level did not show a significant
difference between treatments: in the feces, or any gut compartment, or when all
compartments were aggregated (data not shown). Despite a lack of treatment effect,
interesting differences in the microbiomes from lumen and mucosa samples were easily
visible in the jejunum (p = 0.07 ANOSIM), noticeable in the ileum (p = 0.67 ANOSIM),
but disappeared in the ceca (Figure 7, 8, 9).

Table 12: Number of gut samples producing usable 16S sequence data from day 22.
All fecal samples (pens 1-6) from day 22 produced usable data.
Compartment

Duodenum

Jejunum

Ileum

Ceca

Lumen

3

8

7

12

Mucosa

2

5

4

12
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Figure 7: Cluster analysis of jejunal lumen and mucosa microbiome data at the
family taxonomy level. JL: jejunal lumen; JM: jejunal mucosa, the central number
corresponds to bird 1 or 2, and the last digit is the pen number. The asterisk represents
lumen while the triangle is the mucosa.

Figure 8: Cluster analysis of ileal lumen and mucosa microbiome data at the family
taxonomic level. IL: ileal lumen; IM: ileal mucosa, the central number corresponds to
bird 1 or 2, and the last digit is the pen number. The asterisk represents lumen while the
triangle is the mucosa.
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Figure 9: Cluster analysis of cecal lumen and mucosa microbiome data at the family
taxonomic level. CL: cecal lumen; CM: cecal mucosa, the central number corresponds to
bird 1 or 2, and the last digit is the pen number. The asterisk represents lumen while the
triangle is the mucosa.
Alpha diversity in day 22 gut samples was calculated as average sequence reads
and species counts per sample (Table 13). The ceca (both lumen and mucosa) had the
highest average number of species identified (Table 13) while feces had the lowest 145
±32. Feces also had the lowest average number of sequence reads at 15795 ±2906. There
were no significant differences in alpha diversity by treatment (data not shown).
Table 13: Microbiome alpha diversity. The average and standard deviation of sequence
reads and observed species in day 22 gut samples.

Reads

Species

Duodenum

Jejunum

Ileum

Ceca

Lumen

29,290
±14,143

31,114
±15,884

25,422 ±9,250

Mucosa

22,473 ±13

27,075
±15,642
33,209
±18,504

Lumen

295 ±44

Mucosa

317 ±12

22,248 ±8,830

28,994
±14,101

212 ±117

217 ±111

327 ±118

243 ±40

214 ±109

327 ±115
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4. DISCUSSION
4.1 Testing the Probiotic Formula
The goal of this study was to identify probiotic gut localization and colonization in
broiler chickens after 22 days of probiotic administration. The probiotic treatment
bacteria were hypothesized to survive the chicken gastrointestinal tract and colonize the
cecal gut compartment. The probiotic bacteria were expected to transit the
gastrointestinal tract as intact cells and exit in the feces within a couple hours
immediately following administration. Overall, the birds fed probiotics were predicted to
have an improved growth performance with an increase in weight gain. Probiotic
treatment bacteria were detected in the guts and fecal samples using probiotic strain and
species-specific primers (Figure 6; Tables 6, 7, 10, 11). However, the probiotic detection
methods used in this study had limitations including a detection limit of 103 CFU/g, and
interference from feed-associated bacteria.

4.2 Low Concentrations of Probiotic Species Near Detection Limit
Low concentrations of probiotic bacterial species were identified in several fecal samples
at or below the detection limit (103 CFU/g) causing probiotic presence detection
problems. DNA target bands could sometimes be seen with PCR, indicating a positive
detection result even when qPCR failed (Table 5 & Figure 6). Alternatively, in other
cases qPCR could detect low cell counts of probiotic bacteria while PCR produced some
negative results (Table 5 & 6; Figure 6). At 103 CFU/g starting material and assuming
100% bacterial cell lysis and DNA capture, 4 μl of DNA should contain 40 target
templates. However, the lab procedures used in this study result in about 10-20%

31

bacterial cell lysis and DNA capture (J. VanderKelen, personal communication, May
2017). Thus, template presence in the final 4 μl of DNA would likely be random when
target cells are below 103 CFU/g in the sample, making these variable PCR results not too
surprising. The qPCR results in Table 5 indicate probiotic species at or below the
detection limit (103 CFU/g), thus administered probiotic strain concentrations would
likely be even lower. Therefore, qPCR was discontinued as it was considered too
expensive for a presence/absence assay. Light bands of probiotic strains were detected in
most gut samples and sometimes observed in the fecal PCR data, indicating low levels of
treatment probiotic in the samples, however, multiple PCR assays (2-3) were performed
throughout the study to confirm negative results.
E. coli was used as a positive control to ensure that bacterial DNA was present
and amplifiable in days 1, 22, and 25 gut samples. E. coli, a dominant species in the early
life of chickens (Awad et al., 2016) was detected in all day 1 gut samples (Table 8).
However, E. coli was not detected in a few duodenal and jejunal lumen gut samples from
both days 22 and 25 (Table 8). E. coli decreases in the upper GI tract during a chicken’s
second week of life and remains in the lower chicken intestines at low abundances
throughout the animal’s life (Awad et al., 2016; Oakley et al., 2014). The presence of E.
coli, a known chicken gut colonizer, overall helped understand the treatment probiotic gut
results and served as a useful positive control.

4.3 Probiotic Bacterial Survival in Poultry Unit Water
The probiotic company and Blajman et al. (2014) suggest the water delivery method of
probiotic treatment would be more effective than through feed. The Bacillus probiotic
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held in poultry unit water maintained a steady concentration (~1.50×104 CFU/ml) over a
24-hour incubation period, demonstrating a minimal effect of the water carrier. However,
the lactic acid probiotics were not culturable in this plating experiment, which is
consistent with previous observations of decreased culturability for lactic acid bacteria in
some conditions where the cells may enter a Viable But Not Culturable (VBNC) state (J.
VanderKelen, personal communication, May 2018). Although the plating experiment
demonstrated possible probiotic die off, all treatment probiotic bacteria were detected in
some gut and fecal samples, indicating treatment probiotics did survive in some birds
(Table 10 and Figure 6). This study acknowledges there was no evidence to determine
live administered bacteria transiting the gut. However, high cell counts in feces indicates
bacterial growth instead of detecting only DNA throughout the GI tract. Also, the
administered bacteria were rarely detected in the upper intestinal tract compared to the
lower, implying the presence of intact bacterial cells as well.
Interestingly, the probiotic die off mentioned above further explains fecal results.
Transit time detection samples were taken the first 6 hours immediately following
probiotic administration and the probiotic bacteria were detected in most of these hourly
fecal samples (Figure 6). However, when the early daily samples (days 3-9) were
assayed, administered strains of P. acidilactici and L. plantarum were not detected,
whereas B. subtilis was detected throughout probiotic administration (Figure 6). These
negative results for P. acidilactici and L. plantarum were most likely due to low
concentrations of probiotics in the water after 24 hours, as indicated by the decrease in
cell counts from the plating experiment. As the chickens grew larger and thirstier by day
10, the probiotic water was refreshed twice daily, increasing the amount of inoculum by
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reducing the time for cell die off. As a result, administered strains of P. acidilactici and L.
plantarum were detected in the fecal samples once again (Figure 6A & 6B).

4.4 Species-Specific Primers Cannot Distinguish Probiotic Strains
The species-specific PCR primers for P. acidilactici, L. plantarum, and P. pentosaceus
used in these assays detected feed-endogenous probiotic bacteria, thus interfering with
administered probiotic strain detection (Figure 6C; P. acidilactici and L. plantarum data
not shown). The species-specific primers of P. acidilactici, L. plantarum, and P.
pentosaceus could not distinguish between these two sources, thus strain specific primers
were used (Table 3). However, strain specific detection of P. pentosaceus in this study
was not possible due to a lack of strain specific primers (J. VanderKelen, personal
communication, March 2018). The strain specific PCR primers nearly successfully
distinguished administered probiotic L. plantarum and P. acidilactici strains from feedendogenous bacteria while detection of P. pentosaceus remained confounded due to
competition from feed-endogenous bacteria (Figure 6A, 6B, 6C).

4.5 Survival and Transit Time of Probiotic Bacteria
The detection of administered probiotic bacteria in the pen-combined feces of treated
birds throughout the experiment suggests gastrointestinal tract survival and possible
colonization of some birds in treated pens (Figure 6). Although fecal samples do not
properly represent the entire gastrointestinal tract bacterial community, all probiotic
bacteria could be detected in some fecal samples, demonstrating that the administered
probiotics appeared to survive the gut of some birds (Stanley et al., 2014; Oakley et al.,
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2014). Furthermore, all probiotic strains appeared to survive the acidic environment of
the stomach as well as the secreted bile acids when entering the intestines 1-2 hours
following probiotic administration (Figure 6), supporting the original probiotic transit
time hypothesis.
A few days after probiotic administration ended, administered probiotic bacteria
were detected more often in the control compared to treated birds, implying possible
contamination of day 25 gut samples. On day 25, the administered probiotic bacteria
were observed more often in the control compared to treated birds, whereas in day 22 gut
samples the administered probiotic bacteria were detected in treated birds only (with one
P. acidilactici and four P. pentosaceus exceptions). Detecting B. subtilis more frequently
in control than treated birds highly suggests a possible dirt or dust contamination,
however, it’s unclear whether the contamination occurred during the probiotic trial (most
likely in the feed or water sources) or in laboratory when gut dissections were performed.
Day 25 fecal results further indicates possible contamination of day 25 guts as well. The
administered probiotic bacteria were no longer detected in the feces on day 25 (except P.
pentosaceus) when all administered probiotic bacteria were previously detected in the
feces during the probiotic trial, suggesting they were washed out of the gastrointestinal
tract (Figure 6). Regardless, once administration stopped, the administered probiotic
bacteria previously detected in day 22 lumen gut samples of treated birds were mostly
washed out of the gastrointestinal tract (Table 10 & 11). This is consistent with other
supplementation studies in which administered probiotic bacteria were flushed out of the
gastrointestinal tract soon after probiotic administration was stopped (Fijan, 2014).
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4.6 Probiotic Bacteria in Competition with Chicken Feed Bacteria
The probable source of feed-endogenous bacteria was soybean meal, the only feed
ingredient decreasing in amount from the starter to finisher diet (Table 1; Santosa at el.,
2006). This decrease correlates with the decreased detection of both P. acidilactici and L.
plantarum species from diet 1 to diet 2 (Table 5). Detection of feed-endogenous bacterial
species (P. acidilactici, P. pentosaceus, and L. plantarum) in the chicken feed (Table 5)
suggests competition for niches in the chicken gut may have occurred between these
bacteria and the administered probiotic. P. pentosaceus species was only detected in diet
1 and once the diet switched at day 11 to diet 2, the P. pentosaceus detected in the control
birds decreased, which implies that the level of competition decreased after the change in
diets (Figure 6).
Competitor species of probiotic bacteria could potentially inhibit survival and
colonization for the administered probiotics. As previously mentioned, the disappearance
of bacterial strains P. acidilactici and L. plantarum in the feces of treated birds from hour
6 until day 10 was most likely due to a low probiotic inoculum. The endogenous species
of P. acidilactici and L. plantarum were detected in every pen, with only three exceptions
(data not shown) supporting the presence of probiotic competitors. The existence of
competition between endogenous and probiotic lactic acid bacteria was also supported by
the feces qPCR data (Table 6) where both treatment and control birds had approximately
similar concentrations of feed-endogenous bacterial cells. However, during chicken
development the gut bacterial community matures from early colonizers to an adult
stabilized community (Awad et al., 2016). This gut microbial community shift was seen
where feed-endogenous bacterial concentrations decreased (both treated and control

36

birds) from day 3 to day 7 (Table 6). As soon as the birds began drinking a higher
probiotic inoculum in their water, the administered probiotic bacteria were detected in
treated bird feces once again (Figure 6A & 6B).
Cisek suggests the first inoculation of an organism’s gut is most important for
successful bacterial colonization of the digestive tract (Cisek et al., 2014). In this study,
the feed-endogenous bacteria potentially inoculated the chicken gut first, limiting the
chances for administered probiotic colonization. P. acidilactici, P. pentosaceus, and L.
plantarum species were detected in the feeds given to the birds on arrival (one day prior
to probiotic administration). The feed-endogenous P. acidilactici and L. plantarum were
detected in day 1 gut samples (Table 7), suggesting immediate gut colonization by these
bacteria after only one day of eating food, thus restricting administered probiotic
colonization (Alloui et al., 2013). This could explain the minimal evidence for gut
colonization by the administered probiotics.

4.7 Probiotic Bacteria Gut Localization
After 22 days of probiotic administration, there is little evidence of probiotic
bacterial gut colonization in treated birds most likely due to competition with feedendogenous bacteria. However, all administered probiotics were detected more often in
treated than control birds, suggesting a treatment effect where the administered probiotics
appeared to survive the GI tract and compete for available niches in the gut. For example,
P. pentosaceus was detected more often in treated birds, predominately in the ileal lumen
and significantly in the cecal lumen (p = 0.015). Similarly, both the administered P.
acidilactici and L. plantarum strains were detected in ileum and ceca lumen samples, but
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P. acidilactici was rarely detected at all and L. plantarum was detected in treated birds
only (Table 10). The administered lactic acid bacteria (P. acidilactici, P. pentosaceus,
and L. plantarum) were most commonly detected in the ceca gut compartment of broiler
chickens, whereas the feed-endogenous P. acidilactici and L. plantarum were identified
throughout the entire gut, primarily in the jejunal, ileal, and cecal lumen (Table 10).
Although, administered probiotic colonization was unlikely, the feed-endogenous
bacteria did show signs of colonization. Identification of feed-endogenous P. acidilactici
and L. plantarum species in the ceca (lumen and mucosa) of every bird, with only four
exceptions, suggests colonization (Table 10) (Donaldson et al., 2016). The related species
from feed-endogenous bacteria of P. acidilactici and L. plantarum were identified to
colonize the cecal mucosa, further supporting this gut compartment as the best location
for the administered probiotic strains to colonize. Cecal colonization of feed-endogenous
species P. acidilactici and L. plantarum most likely explains the lack of administered
probiotic bacterial colonization. Furthermore, feed-endogenous bacteria were detected in
the feces from all pens after probiotic administration ended (data not shown), implying
colonization, while administered probiotic bacteria were no longer detectable (Figure 6).
Administered probiotic colonization may have occurred in some treated birds,
indicating the probiotic formula can colonize the chicken intestines. All four probiotic
strains were detected in the digestive tract of only bird 2 from pen 2 (Table 10).
Interestingly, the administered probiotic strain P. acidilactici was only detected in the
guts of birds from pen 2, and P. acidilactici was detected throughout the experiment
mostly in the feces of pen 2 (Figure 6), suggesting probiotic treatment variability. The
birds of pen 2 possibly drank more probiotic water compared to other treatment pens,
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increasing the consumed probiotic inoculum. Thus, birds from pen 2 had the most
probiotic bacterial detection in the fecal and gut samples, and the administered probiotics
could have colonized these birds.
Unlike the lactic acid probiotic bacteria, B. subtilis displayed no noticeable sign of
competition since this bacterial strain was consistently detected (in at least one pen)
throughout the probiotic trial (Figure 6). B. subtilis was detected in the upper regions of
the GI tract whereas the administered lactic acid bacteria were found in the lower
gastrointestinal tract. B. subtilis spores can easily endure an acidic environment, allowing
them to remain at detectable levels in the upper gut. It is not known if B. subtilis
germinated or remained as spores, however, the spores eventually pass through the GI
tract exciting in the feces where growth can occur in the presence of oxygen (Figure 6D).
The chickens involved in this study were healthy due to the experimental set up,
which did not mimic the dirty overcrowded poultry industry living conditions. Thus, it’s
likely changes in gut microbiota composition and beneficial probiotic effects were not
visible. The probiotic supplementation provided no obvious health benefits to the birds
since there were no significant differences in body weight gain, feed intake, or feed
conversion ratio. Even though the administered probiotic bacteria were detected in the
chicken gut samples, (Figure 10) there was no significant difference in the gut
microbiome between the treated and control birds (data not shown).

4.8 Lumen and Mucosa Gut Microbiota
The probiotic treatment had no effect on the gut microbiome, however, differences
between the lumen and mucosa samples were identified in the foregut and disappeared in
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the hindgut. Although not significant, the jejunum (p = 0.07 ANOSIM) illustrated a
bacterial community difference in lumen and mucosa samples in comparison to the ceca,
while the ileum (p = 0.67 ANOSIM) had a less noticeable difference (Figure 7, 8, 9). The
microbial composition is different between the lumen and mucosa in the upper gut, most
likely due to different functional roles to maintain host health (Gong et al., 2002; Looft et
al., 2014). The cecal gut compartment composed of two pouches is structurally unique
compared to the long-convoluted tube of the small intestine. The structural differences of
these gut compartments allow digested material to flow through the foregut quickly while
the ceca retain the material for 12-20 hours (Awad et al., 2016). Therefore, it’s possible
that the bacterial community of the ceca lumen and mucosa are similar while the jejunum
may have distinct bacterial communities between the lumen and mucosa.

5. CONCLUSION
Although there were no significant differences in body weight gain, feed intake, and feed
conversion ratio, the administered bacterial strains appeared to survive the high acidity of
the stomach, transfer through the gastrointestinal tract, and exit in the feces. A probiotic
transit time to the feces of 1-2 hours was identified and probiotic lactic acid bacteria were
predominately detected in the lower gastrointestinal tract. After probiotic administration
ended, the probiotic strains were flushed out from the gastrointestinal tract.
All four administered probiotic bacteria were only detected in the guts of a few
individual birds. Therefore, there was little evidence for colonization by the administered
probiotic bacteria. Feed-endogenous lactic acid bacteria may have inhibited colonization
by the administered probiotic bacteria. In addition, the probiotic inoculum concentration
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in water troughs was possibly lower than intended due to an unexpected probiotic
formula cell die off over time. The low concentration of probiotic inoculum for over a
week during chicken development possibly limited the chances of probiotic colonization.
Lastly, no probiotic treatment health effects were observed, possibly due to the careful
experimental set up of ideal housing conditions in which the birds were healthy and
therefore, probiotic supplementation was not advantageous.

5.1 Future Work
Future studies are required to validate the conclusions from this initial research. Future
investigators should make fresh probiotic water more frequently or increase the probiotic
inoculum concentration to improve probiotic inoculation levels. In addition, future
research might consider probiotic administration to chicks immediately after hatching.
Performing early inoculation of treatment probiotics after the chicks hatch could possibly
allow immediate gut colonization of the probiotic bacteria by reducing competition
effects from feed-endogenous bacteria. Instead this study allowed one full day for the
chicks to settle into their pens and the feed-endogenous bacteria inoculated the gut first.
Also, alteration of the chicken housing experimental design to a more stressful or realistic
poultry industry environment, where there is a need for animal feed supplementation,
might demonstrate more noticeable signs of treatment probiotic gut colonization and
beneficial health effects could be observed.
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